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ABSTRACT

The development of a superconducting analog to the transistor with extremely low power dissipation will accelerate the proliferation of
low-temperature circuitry operating in the milliKelvin regime. The thin-film, magnetically actuated cryotron switch is a candidate building
block for more complicated and flexible milliKelvin circuitry. We demonstrate its utility for implementing reconfigurable circuitry by inte-
grating a cryotron switch into flux-summed code-division SQUID multiplexed readout for large arrays of transition-edge-sensor (TES)
microcalorimeters. Code-division multiplexing eliminates the noise penalty of time-division multiplexing while being drop-in compatible
with the latter’s control electronics. However, code-division multiplexing is susceptible to single-point failure mechanisms which can result
in an unconstrained demodulation matrix and the loss of information from many sensing elements. In the event of a failure, the integrated
cryotron switch provides a zero-signal output from a single TES, enabling the demodulation matrix used to compute TES signals from SQUID
signals to be constrained and data recovered from the remaining sensors. This demonstration of configurable error correction provides both a real-

world application of the cryotron switch and a foundation for more complex circuitry at milliKelvin temperatures.

https://doi.org/10.1063/1.5089870

A transistor is a quintessential three-terminal device in which a
control signal applied to one terminal modulates electrical transport
between the other two. The modern semiconductor-electronics
industry is based on the hierarchical organization of transistors into
logic gates and then functional units such as processors. There has
been a lengthy search for a comparable three-terminal device that is
compatible with superconducting electronics and cryogenic tempera-
tures. ” Superconducting electronics are under consideration for
applications in classical computing,” quantum computing,” and sens-
ing” '" A three-terminal device would create possibilities for logic,
amplification, and interfaces between different circuit elements. The
“nanocryotron” shows considerable potential in this regard.'” '* In
this device, the control terminal is galvanically joined to a super-
conducting nanowire and the control current creates a resistive hot-
spot that modulates the channel conductance. The steady-state
power in an actuated nanocryotron is at least several nanowatts,'* a
level that is acceptable in the few-Kelvin regime but limiting at the
milliKelvin temperatures required for many superconducting sen-
sors where the cooling power available for the entire payload might
be 1 uW or less.

To create a switching element suitable for milliKelvin applications,
we previously re-introduced the “magnetically actuated cryotron.”"”
This device is a miniaturized, thin-film implementation of the bulk
superconducting switch developed by Buck in the 1950s.'° In the
magnetically actuated cryotron, a magnetic field induced by current
in the control line suppresses superconductivity in the signal wire. A
fourth terminal allows the control functionality of the magnetically
actuated cryotron to be galvanically isolated from the signal channel.

In this letter, we show how the use of the magnetically actuated
cryotron enables complex functionality in a circuit at milliKelvin tem-
peratures. Traditionally, milliKelvin circuitry is literally and function-
ally frozen; it can only be modified to adapt to changing circumstances
via warming to room temperature for rework. In contrast, the use of
the cryotron as a low-temperature switch allows a sensing circuit to be
reconfigured while cold to recover from a hardware fault that would
ordinarily result in a substantial loss of capability. The substrate area,
power, and control wiring required for the cryotron are negligible.
Our results suggest that the cryotron can provide dynamic configura-
bility and other sophisticated functionalities which are already com-
mon in semiconductors to cryogenic circuitry.

Appl. Phys. Lett. 114, 232602 (2019); doi: 10.1063/1.5089870
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Our development of the magnetically actuated cryotron is partly
driven by demands for readout of increasingly large transition-
edge-sensor (TES) arrays for applications in materials science and
astrophysics. TESs provide high collecting efficiencies and state-
of-the-art resolving powers for single x-ray photons.”'”'® Existing
arrays contain hundreds of detectors,” but future systems aim to push
this number to 10*-10° pixels.'”*’ A variety of multiplexing strategies
are in development.”'

Flux-summed code-division multiplexing (¢-CDM) is a promis-
ing candidate for multiplexing large arrays.”” In CDM, N TESs, where
N is a multiple of 4, are encoded with a N x N Hadamard code (see
Appendix A in the supplementary material).”*”” In a Hadamard code,
each row consists of N elements with values of +1 or —1; the N rows
are orthogonal. The N TES signals are summed into N readout super-
conducting quantum interference device (SQUID) amplifiers via litho-
graphically patterned inductive coils. ¢-CDM is drop-in compatible
with existing time-division multiplexing (TDM) electronics, wherein
row activation resources are shared among different columns. We dis-
cuss the sequential readout of a single SQUID column in this applica-
tion, but all results shown here are readily scalable to multiple readout
columns.” Because the signal from the N dc-biased TESs is present
in each SQUID measurement and SQUID-amplifier noise is added
incoherently during demodulation, the (N noise penalty inherent to
TDM is avoided in CDM. To reconstruct photon events, data from N
successive SQUID measurements are multiplied by the inverse of the
Hadamard code. We have demonstrated 32-row ¢-CDM readout
(CDM-32) with a resolution of 2.77 * 0.02 eV FWHM at 5.9 keV."

A potential limitation of CDM is that data from all SQUIDs in a
column are necessary to decode the TES signal. If a single SQUID fails,
for example, due to static discharge or radiation damage, the demodu-
lation process becomes under-constrained and information from the
entire column of TESs is lost.”> As the CDM multiplexing factor is
expanded to 64 and beyond, the small probability of certain failure
modes disabling many TESs becomes unacceptable, particularly in the
case of satellite missions where servicing the payload is not an option.
It has been demonstrated that TES signals can be recovered through
error correction (EC) in the event of a SQUID failure if one TES is
replaced with a constant signal.”’ This can be achieved with an over-
constrained Hadamard code with more SQUIDs than TESs present.
However, in ¢-CDM, where the Hadamard code is defined through
lithographic traces, this practice is wasteful and space-consuming in
the absence of a failure event (in CDM-16, 1/16 of the multiplexing
factor would be lost). To address this, we introduce configurable error
correction (CEC) through implementation of a superconducting
switch, whereby a TES channel is disabled for EC only when needed
(Fig. 1). A cryotron switch was selected for this application instead of
an electrothermal or a tunnel-junction switch due to its low power
dissipation, low activation current, high signal-current capacity, and
galvanic isolation of the signal from control.'® Furthermore, the small
size of the cryotron switch used allows it to be easily integrated with a
CDM circuit and occupies a 20 less area than an over-constrained
Hadamard EC scheme.

The cryotron switch used here for CEC is modified from the
thin-film design described by Lowell ef al.'” The magnetic field created
by current passing in the control line drives the signal line normal
(effectively, open). A superconducting transformer provides a
10x increase in effective control current; its dipole-gradiometric
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FIG. 1. Circuit diagram of a 16-channel ¢-CDM circuit with a cryotron switch for
CEC. In the physical layout of the circuit, TES pixels are wire bonded to interface
(IF) chips (with shunt resistors and Nyquist inductors for optimizing x-ray readout)
which are in turn wire bonded to a CDM SQUID chip for multiplexing.” The control
current changes the cryotron signal line to normal (open-state), eliminating the sig-
nal from TES 1. The Hadamard code associated with each TES signal is defined
lithographically via the winding direction of the coil summing into the mutual induc-
tance, M;,. The readout SQUIDs are run as a conventional TDM and addressed via
flux-actuated switching.”
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design reduces sensitivity to external magnetic fields. This cryotron is
integrated into our standard interface (IF) chip fabrication”' with the
addition of an AlMn layer for the signal line and a Nb layer for cross-
over wiring (Fig. 2). To create a large open-state resistance, the Nb
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FIG. 2. (a) Schematic of cryotron switch and operation. An AlMn signal line is
switched from superconducting to normal via the magnetic fields (B) generated by
current at the edges of the winding Nb control line.' (b) Detailed view of the cryo-
tron with the superconducting transformers in a dipole gradiometer orientation. (c)
The first 2 channels of a 32-channel “interface chip” (IF). In our implementation of
CDM, the TES shunt resistors (Rs) and bandwidth-limiting inductors (Ly,) for a
readout column are deposited on the IF. The cryotron signal line is in series with
TES 1, while the “control” bond pads are used to activate the cryotron.
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control line is meandered across the signal line so that a more
extended length of the signal line can be driven normal. The cryotron
geometry used here has an open-state resistance of 10 Q in the limit of
zero signal current. When the switch is closed, the signal line has a
critical current of ~350 uA, which exceeds requirements during TES
operation and diagnostic sweeps of the TES I-V curves. The labeled
bond pads in Fig. 2(c) on the IF chip from our standard TDM/CDM
electronics provide the control-line signal of ~2 mA. When the switch
is opened, current is redirected from the highly resistive TES arm of
the bias circuit into the parallel bias resistor, the TES enters its super-
conducting state, and there is a constant, near zero signal from this
TES channel into the SQUIDs of the multiplexer column.

To test the efficacy of CEC, we wired our IF chip to the 32-row
¢-CDM chip used by Morgan et al.”’ To simplify analysis, we only
wire bonded the first 16 rows. We also used the same TES array as
Morgan, which consisted of 350 um x 350 um Mo/Cu bilayers with
2.5 um thick bismuth for added absorption.”” We measured the Mn
Ko (5.9keV) fluorescence spectrum first with the cryotron in its closed
state to confirm that its presence had no effect on the IF chip. With
~10000 x-rays per TES (at a count rate of ~1 x-ray per TES per
second), a combined spectrum of data from 15 of the 16 TESs
achieved a resolution of 2.96 = 0.03 eV [Fig. 3(a)], comparable to pre-
viously published results. Resolution data from TES 1 were excluded
from the average to ensure consistency between measurements with
the cryotron in an open and closed state. We next supplied a control
current of 2mA to the cryotron to disable TES 1 and again recorded

~10000 x-rays per TES. Here, we achieved a resolution of

291+0.03eV [Fig. 3(b)], consistent with the previous result.
Demodulated data showed no x-rays recorded by TES 1, demonstrat-
ing switching during operation.
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FIG. 3. Mn Ko x-ray fluorescence spectra from ¢-CDM. (a) CDM-16 has a mea-
sured energy resolution of 2.96 = 0.03 eV with the cryotron in a closed state (all 16
SQUIDs and TESs working normally). (b) CDM-16 has a measured energy resolu-
tion of 2.91 == 0.03 eV with the cryotron in an open state (16 SQUIDs, 15 TESs
enabled). (c) CDM-15 demonstration of CEC with a simulated SQUID 11 failure
yields an energy resolution of 4.85 == 0.04 eV (15 SQUIDs, 15 TESs enabled).

ARTICLE scitation.org/journal/apl

To simulate a SQUID failure event, we can omit measurements
from any one of the SQUID channels and use the zero-signal from the
TES circuit with the switched cryotron to constrain our demodulation
matrix. We removed the SQUID 11 data from the output vector and
demodulated the raw signal with a 15 x 15 inversion matrix, enabling
recovery of measured x-ray pulses, shown in Fig. 3(c). It is seen that
the achieved resolution with CEC has increased to 4.85 + 0.04 eV (the
resolution for all 16 simulated SQUID failures is shown in Appendix
A in the supplementary material) which is attributed to a combination
of two factors. The first effect is smaller and arises from demodulating
a 15 x 15 matrix. When the Hadamard code is N x N where N is a
multiple of 4, the inversion matrix contains a nonzero value for each
matrix index. Practically, this means that TES information is contained
in each SQUID and each time step during data recording. When the
matrix no longer meets this size criterion, a percentage of the inversion
matrix values becomes 0 (47% for a 15 X 15 case), meaning that TES
information is lost during various time intervals resulting in more ali-
asing of readout noise into the signal bandwidth.’' This effect can be
modeled for the existing circuit’s shunt-resistor and Nyquist-inductor
values and is shown to produce a 9% or 0.25eV degradation in the
final resolution. This value can be improved by adjusting Nyquist
inductance and shunt resistance parameters to deemphasize readout
noise relative to TES noise.

The second and dominant source of noise is a low-frequency
component generated by operation of the cryotron [Fig. 4]. In an ideal
demonstration of CEC, the TES switched off by the cryotron has a
constant signal output with no noise. This assumption enables us to
constrain the demodulation matrix in the event of a SQUID failure.
However, if this assumption is incorrect and the disabled TES pro-
duced noise or spurious signals that are not accounted for during
demodulation, then this low-frequency component will be added to
the other, active TES detectors and worsen their energy resolution.
While the source of the low-frequency noise shown in Fig. 4 is not
fully understood, it is believed to be caused by an unwanted thermal
component in the activation of the cryotron (e.g., a varying resistance
in the signal line).

To verify that the noise in the switched TES channel is responsi-
ble for the observed resolution degradation, we performed various
signal-to-noise calculations. The customary way to predict the energy
resolution is to measure an average pulse response to x-rays and noise
in the absence of pulses and from these measurements integrate the
signal-to-noise ratio over frequency.”* However, this approach pre-
dicted a resolution of ~1eV worse than the achieved results for both
the CDM-16 and CDM-15 cases. While this offset is not fully under-
stood, our best explanation is to attribute it to nonstationary behavior
in the TES, wherein its noise is suppressed at the higher resistance val-
ues encountered at the peak of a pulse, enabling a better resolution
than that explained by the quiescent noise.”” As an alternative estima-
tion approach, we examined the ratio of achieved resolution between
CDM-16 and CDM-15 and compared it to the ratio of the predicted
resolution of CDM-16 to CDM-15 based on both noise records (with-
out x-ray pulses) and the root-mean-square (rms) noise levels
observed during the pretrigger period of pulse records. We found that
the ratio of achieved resolutions closely tracked the ratio of predicted
resolutions: the ratios agreed to 15% (2%) when the quiescent noise
(pretrigger rms) was used for the predictions. Hence, the low-
frequency noise observed in the cryotron-switched channel is

Appl. Phys. Lett. 114, 232602 (2019); doi: 10.1063/1.5089870
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FIG. 4. Noise profile for all 16 TESs for the dataset with the cryotron activated
(TES 1 disabled). The black curve shows the measurement from the channel
whose TES is disabled, while the remaining curves show measurements from the
15 active TES channels. Low-frequency noise in the disabled channel above the
indicated SQUID noise floor causes a degradation in the resolution in the other
TES channels when CEC is employed. Above average low-frequency noise is also
seen in one of the activated channels but does not adversely affect the resolution
during CEC. The lines above 2 kHz are electrical interference and have almost no
effect on the sensor resolution because they are outside the TES's signal band.

sufficient to explain the discrepancy between the 4.85€eV resolution
observed in CDM-15 and the ~3.25€eV resolution expected after
accounting for the zero-value entries in the inversion matrix.

In a future implementation of CEC, we would seek to eliminate
or minimize the low-frequency noise observed in this demonstration.
Possible avenues would be to increase the open-state resistance of the
cryotron or to remove any thermal components to switching. The first
option is to increase the length of the signal line and the number of
control line crossings to increase the surface area penetrated by mag-
netic fields. Using this technique, we have demonstrated a switch with
an open-state resistance of 50 Q. This value could be pushed higher if
needed by applications with low leakage-current requirements. The
second option is to increase the control current available for cryotron
switching via an increase in the superconducting transformer size or a
decrease in the Nb-coil pitch through electron beam lithography to
allow more windings and greater current gain through the trans-
former. As the maximum magnetic field seen by the signal line is pro-
portional to the control current, a higher available control current will
more readily activate magnetic switching.

Even without these design changes, it is possible to achieve a
much better resolution from CEC when photon rates are low. When
the cryotron deactivates TES 1, the demodulation described so far
ensures that exactly one active TES contributes to each demodulated
signal channel. This zero-mixing requirement is essential when photon
rates are high enough that multiple events are expected within a read-
out column during a pulse record length. At low photon rates, how-
ever, it unnecessarily constrains the possible demodulations. In
Appendix B (supplementary material), we discuss an alternative
approach, noise-optimal demodulation, which reduces the overall
noise level in the demodulated signals at the price of elevated crosstalk

ARTICLE scitation.org/journal/apl

between channels. Noise-optimal demodulation produces a resolution
of 3.18 = 0.04 eV in our CDM-15 case.

In summary, we have demonstrated configurable error correction
for code-division multiplexing of TES x-ray microcalorimeters. We
integrated a thin-film cryotron switch into the TES bias circuitry and
acquired x-ray-pulse data. When the cryotron was superconducting
(closed), the spectral resolution of the 16 TESs in the readout column
was comparable to earlier experiments in which there was no cryotron.
When the cryotron was normal (open), it disabled one TES in the
readout column and the resolution of the other TESs was unaffected.
Finally, we simulated a SQUID failure that would otherwise result in
loss of information from all TESs in the column. We recovered data
from the 15 remaining TESs by making use of the known (constant)
signal from the disabled TES. This demonstration provides a way to
mitigate the risk to a readout column from a first-stage SQUID failure
in code-division multiplexing. This demonstration also establishes the
feasibility of reconfigurable circuitry in the milliKelvin regime which
is a capability that is expected to have applications in cryogenic elec-
tronics beyond sensor readout. For example, cryotron-based switch
networks may one day route control signals in superconducting classi-
cal or quantum computing architectures. The authors gratefully
acknowledge funding from the NASA SAT program “Providing
Enabling & Enhancing Technologies for a Demonstration Model of
the Athena X- IFU” and from the NASA APRA program.

See the supplementary material for a detailed breakdown of the
linear algebra used for the modulation and demodulation of both stan-
dard CDM and CEC. It also includes a description of noise-optimal
demodulation, an alternative to CEC when low x-ray counting rates
minimize crosstalk.
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